Preserving Earth's biodiversity is one of the central challenges to global sustainability, and the task is complicated in developing countries by the need to avoid further compromising the ability of resource -dependent people to secure their
Les modèles existants ont confirmé les observations de Green et Sussman (1990) (Norris 2006) . As this deadline approached, the government also began negotiating a 99 -year lease with Daewoo Logistics for production of maize and oil palm destined for South Korea (Walt 2008) . Together, these two policies directly concern about 10 % of the island's land area, and more than half of its arable land, making it more important than ever to accurately understand threats to biodiversity and the consequences of protection efforts.
The stakes in this endeavor are high: Much of the flora and fauna being targeted for protection are found nowhere else on Earth, but the financial resources available for conservation are quite scarce, and their efficacious use requires the application of state -of -the -art scientific methods (Ferraro and Pattanayak 2006) . On the other hand, the act of protecting biodiversity requires a major shift of land -use rights away from some of the world's poorest farmers.
In response to the need to understand land -use dynamics in Madagascar, a number of models have recently been developed that aim to quantify the role of human agency in altering the island's landscapes (Table 1) . These quantitative models form a new branch of a literature whose roots can be traced as far back as the work of Etienne de Flacourt in the middle of the 17 th century. This literature blossomed in the early 20 th century with the study of the island's natural history (a review can be found in Andriamialisoa and Langrand 2003) .
Scholarship on the human imprint on the island flourished in rich geographical and anthropological case studies of land-use in many parts of the island in the latter half of the century by, for example, Blanc -Pamard and Cambrézy (1995), Coulaud (1973) , Kottak (1980) , Kull (1998) , Le Bourdiec (1974) , Raison (1970), and Rakoto Ramiarantsoa (1995) .
While those studies did involve the collection and analysis of quantitative information, several studies in the past decade have taken the additional step of developing quantitative models that specify mathematical relationships between land -use (the manifestation of human agency on the land) and a range of social and biophysical factors, using means such as regression analysis. The advantages of quantifying these relationships include the possibility of parsing the relative contributions of causal and contextual factors and the estimation of a degree of confidence in the assessment of those relationships. Thus, in principle, the recently developed quantitative models are more useful than earlier studies for the design and evaluation of policies and programs concerning land -use. Whether this is true is a central question of this review. One approach -spatially explicit modeling -has gained wide currency across disciplines, particularly within the integrative field of land -change science (Gutman et al. 2004 , Turner II et al. 2007 ). The term refers to a class of models in which explaining the behavior of the system in question depends on consideration of the spatial relationships among variables (Kaimowitz and Angelsen 1998 , Mladenoff and Baker 1999 , Walker and Solecki 2004 . In the case of spatially explicit regression, the algorithms applied are no different from those applied elsewhere, rather it is the explicitly spatial nature of the input variables, and sometimes the spatial interpretation of the results, that distinguishes this approach.
The approach enables the consideration of landscape variables, such as land cover and its underlying topography, which can often be made available at relatively high spatial resolution. As a result, large numbers of observations can be used in 'natural experiments' that isolate the effect of certain variables of interest, particularly those resulting from government policies and programs, on an outcome, like deforestation.
In effect, locations subjected to a localized treatment -such as the construction of a road, or land -use restrictions -can be compared with 'control' locations that were similar in other important respects. However, the need to obtain geo-referenced data at appropriate spatial scales for each variable constitutes a significant, costly constraint to the development of such models, and it is important to evaluate how robust the results are and the degree to which the benefits of developing the models are worth the cost.
This article reviews the practice of modeling human agency in land change in Madagascar in order to synthesize the lessons learned and identify remaining challenges. Examples of spatially explicit models are examined and compared to other types of land -use studies to identify common directions and opportunities for cross -learning. It is important to note that this review draws almost exclusively on the peer -reviewed literature easily accessible to scholars outside of Madagascar.
A great deal of very important work has been conducted outside of this domain by Malagasy and other scholars. The paper concludes with a set of recommendations for future models of land change in Madagascar.
SPATIALLY EXPLICIT LAND -USE MODELS: ORIGINS AND ACCOMPLISHMENTS
In 1990, a landmark study was published in Science, bringing satellite remote sensing to bear on the longstanding question of the role of human agency in land change in Madagascar. Green and Sussman (1990) developed maps of the island's humid eastern rainforests from satellite images, which they compared to maps developed three decades earlier.
The resulting map of forest -cover change was then crosstabulated with maps of population density and topography. The study's main finding of more rapid rates of forest clearance in areas of higher population density has been widely cited in academic publications and in the popular press. The study has also been regularly referred to in policy documents of the country's major donors, such as the United States Agency for International Development, which embraced the paper's recommendation for rapid action to conserve the remaining forest. Green and Sussman's work (1990) provided no measure of the strength of the relationship between forest -cover change and population density or slope and, therefore, was not a model of human agency. However, numerous efforts have been made to test its conclusions in more rigorous quantitative fashion, including three spatially explicit regression models on subsets of the Green and Sussman study area (Agarwal et al. 2005 , McConnell et al. 2004 , Vågen 2006 and another for the island as a whole (Gorenflo et al. In press) (see Figure 1 , Table 1 ).
All four studies were able to detect statistically significant relationships between deforestation and variables measur- Confirming the Green and Sussman (1990) findings, however, was not the goal of these spatially explicit models. Rather, they set out to account for the role of these factors so that they could then detect the effects of other factors, particularly those susceptible to public policy. Three of the studies (Agarwal et al. 2005 , Vågen 2006 demonstrated that where government has furnished transportation infrastructure, nearby forests were more likely to be felled. The studies also showed that deforestation is muted in wealthier areas and in areas with greater internal disparity of income (Gorenflo et al. In press), and accentuated (i) where soils are poor (Gorenflo et al. In press), (ii) when migrants failed to secure legal access to land (McConnell and Sweeney 2005) , and (iii) during periods of political instability (Vågen 2006 (Madagascar) . ** Both studies cite the use of 100-meter, vertically-spaced contour data, the contour interval used in the FTM's 1:500,000 map series. Reference information for the sources not provided in the published work. *** FTM publishes a very popular 1:500,000 maps series, as well as a 1:1,000,000 series, but not a 1:1,500,000 as described in note 29 in Green and Sussman (1990) . FIGURE 1. Locations of studies mentioned in the text with conterminous study areas.
deforestation, but their results are far from perfect and answer only half of the question. While they tell us that conservation efforts have been able to reduce the loss of forest, many of the relationships they detected are barely statistically significant, leaving considerable room for improvement. Furthermore, they tell us little or nothing about the welfare effects of conservation efforts on the rural populations most directly affected.
Fortunately, many other studies of land-use in Madagascar provide valuable lessons for addressing the shortcomings of spatially explicit land-use models (see Figure 1) . Further, these other studies are mined for their attention to the ways that local production systems adapt to the closing of agricultural frontiers, and thus address the consequences of conservation efforts for local people, which are crucial to the sustainability of conservation policies. For the sake of brevity, the studies' depictions of the dependent variable -deforestation -are taken as valid, although there is reason to question their reliability.
These issues are discussed in more detail elsewhere Horning 1993, McConnell 2001 ).
DEMOGRAPHIC FACTORS: POPULATION 'PRESSURE'
The most common factor analyzed in land -change studies is a set of variables meant to represent the pressure local populations, especially resource-dependent people, exert on the nearby landscape (Lambin and Geist 2006) . This category encompasses a broad range of processes, such as fertility, settlement patterns, and various forms of migration, but due to the need to amass data amenable to computation, the spatially explicit models have tended to employ fairly crude measures.
It is important to examine the studies' methods carefully in order to understand the reliability of their findings, particularly with respect to the representation of population density, and the degree to which they account for spatiotemporal dynamics, and therefore the justification for their causal claims about the relationship between population dynamics and land -use.
POPULATION DENSITY The simplest way to represent human agency in the landscape is to map the spatial distribution of people at some point in time. This is typically done with a population density map that assigns a value to areal units, generally persons / km 2 . The source of population data for the Green and Sussman (1990) Green and Sussman (1990) chose to collapse the three highest -density classes into a single class of more than 10 persons / km 2 . This simplification bears scrutiny.
The island's total land area is approximately 587,000 km 2 , and it had a total population of approximately 12 million people during the study period. Thus, average population density on the island would have been nearly 20 persons / km 2 and urban densities were likely several times higher. With no rainforest remaining near the country's most densely populated areas (e.g. Antananarivo), the higher density regions (i.e. >50 / km 2 ) were areas in which the deforestation rate was nil, by definition. Including these higher density classes in their study would have led to a very different conclusion about the relationship between population and land -use.
Subsequent, spatially explicit studies employed a variety of approaches to depicting population pressure, although they used continuous variables, thereby avoiding the categorical simplification described above. The broader -scale studies (Agarwal et al. 2005, Gorenflo et al. In press) used similar source maps depicting population density at the firaisana level (similar to the canton/district level data used by Green and Sussman) derived from the census published in 1993. The population variable in the former study was population count, subjected to a rather complex interpolation to a raster grid that does not correspond to a traditional density value. The latter study employed a sampling approach in which values for population density at nearly 100,000 point locations within firaisana polygons were paired with forest cover in satellite image pixels. Meanwhile, the two finer -scale studies on portions of the eastern rainforest edge (McConnell et al. 2004 , Vågen 2006 ) used proximity to village settlements to represent population 'pressure' on nearby forest. In addition to simple Euclidean distance, the former developed more complex surfaces from Voronoi tesselation around village centroids and gravity (potential interaction) models using various distance decay exponents. None of these more complex surfaces produced a stronger relationship with deforestation than simple distance from village centers.
The fact that the four studies all found correlations between their measures of deforestation and population density provides some degree of support for Green and Sussman's (1990) Not all studies of land -use in Madagascar have been concerned solely with deforestation. Many have addressed land -use dynamics when forestland available for conversion to agriculture becomes limited, leading to changes in production systems. There is a substantial body of literature on the conditions under which agricultural production shifts from expansive forms, such as swidden (tavy), to more sedentary forms involving greater technology, such as plows or irrigation. One of the foundational works in this vein was Esther Boserup's (1965) work focusing on land pressure as the key to understanding agricul-tural growth (Chowdhury and Turner II 2006) . While the spatially explicit models in Madagascar do not directly build on this literature, other studies do, beginning with the work of French geographers in the 1970s (e.g. Raison 1970 , Coulaud 1973 .
In his treatise on the Zafimaniry in the south-central highlands, Coulaud (1973) referred to Boserup's (1970) In press), the densities tended to be rather low compared to the densities calculated in other studies (Coulaud 1973 , Keck et al. 1994 , Kull 1998 , Laney 2002 , Elmqvist et al. 2007 ).
TEMPORAL DIMENSIONS AND CAUSAL CLAIMS It is one
thing to compare a map of land -use with a map of population density and detect a correlation. It is another thing to establish a causal linkage between population growth and deforestation. Unfortunately, the conflation of correlation and causation is an all-too-common problem in land -change studies generally (Kaimowitz 1997 , Lambin 2000 , Millington et al. 2007 ).
Having effectively aggregated most of the island's population, including most city dwellers, next to the forest and finding higher rates of deforestation in these more populous areas, Green and Sussman (1990: 212) conclude "the major threats to the remaining forest are driven by subsistence needs." This claim is made without evidence of a causal relationship; rather it is substantiated by reference to three non -peer -reviewed sources. The authors apparently assumed that if deforestation is happening close to large numbers of people, then those people must be responsible; and since they are overwhelmingly subsistence farmers, they must be clearing forests. Yet their data contain neither information about population dynamics, nor on the land-use practices of the people in the landscape. Agarwal et al.'s (2005: 123) model commits a similar -albeit milder -conflation of correlation and causation, stating "Increased population pressure increased the chances of forest degradation." The statement suggests that a change in population was observed to have led to a change in the likelihood of deforestation, when in fact both the population density and forest cover variables represent single points in time, and the analysis simply detected a statistically significant correlation in the form of a spatial coincidence of their patterns; no process was actually observed. The authors do refer to three historical maps to derive suggestions about demographic trends over the past century, but these dynamics did not figure in their regression analysis, due to lack of data. The only spatially explicit model that did include a variable representing population dynamics was Vågen (2006) , who tested the relationship between deforestation and change in decadal population density depicted in the coarse-resolution (1 -km 2 pixel) African Population Database (APD) (Deichmann 1994) . However, the spatial interpolation of population distribution in the APD maps is driven by quite coarse proxy variables that are unlikely to capture actual demographic processes at such fine scales. It is not surprising that this variable failed to relate well with observed changes in land cover.
Other land -use studies in Madagascar have addressed this issue more directly, sometimes with contradictory results.
In seeking to shift responsibility for deforestation from poor peasants to colonial logging enterprises, Jarosz (1993 Jarosz ( , 1996 drew on a report of the French Institut national d'études démographiques to conclude that much of the destruction of the country's eastern rainforest occurred during a period when population may have been stable or even declining. A case study of forest dynamics in the southwestern part of the country (Casse et al. 2004 ) was able to detect a positive, albeit weak and indirect, relationship between increase in the number of inhabitants of six villages over a decade and increases in distance between those villages and the nearest available forest. Kull (1998) used district -and canton -level figures from various sources to document strong population growth in a southern highlands study area throughout the 20 th century, which he qualitatively related to agricultural expansion depicted in aerial photographs across four decades. Keck et al. (1994) tackled the agricultural intensification question in an eastern rainforest study region, also drawing on the agricultural change literature (e.g. Boserup 1965 , Pingali et al. 1987 . They evaluated pressure on the swidden system using the R -value measure of cultivation frequency (Ruthenberg 1976) and concluded "the region is on the verge of evolution to a short fallow farming system" (Keck et al. 1994: 14) . They also concluded that the change is associated with population increase, although the source of their estimate of 3.5 % annual population growth is not cited. Laney (2002 Laney ( , 2004 likewise focuses on cropping frequency in her differentiation of farms that had modified their production systems in ways that enabled them to maintain or increase levels of consumption from others that followed involution and stagnation trajectories (Geertz 1963) .
It is significant that population mobility, or migration, is all but absent from the spatially explicit models reviewed here, despite its important role in many parts of the island over the past century. McConnell et al. (2004) suggest that migration may have accounted for some of the false positive residuals of their logistic regression model of deforestation, but did not attempt to construct a variable to test this hypothesis. Other studies have documented the importance of a variety of processes, including voluntary migration, such as the settlement of the 'Vanilla Triangle' in the northeast after foreign coffee and vanilla producers discovered the region's rich soils (Laney 2002) , and cyclical abandonment and recolonization in the south (Elmqvist et al. 2007 ). In some instances, government encouragement, or even coercion, has led to resettlement, particularly to move populations away from natural forests (Coulaud 1973) . Migration 
SOCIOECONOMIC AND INSTITUTIONAL FACTORS
Once the distribution and dynamics of the population have been accounted for, land -use studies generally turn to a number of interrelated factors that shape land-use practices.
These factors range from characteristics thought to shape the behavior of the inhabitants, to the various institutions that constitute the social milieu in which land-use takes place, be they clan or lineage groups, village or other community structures, government agencies, or non-government organizations (Chowdhury and Turner II 2006) .
TRANSPORTATION The presence of transportation infrastructure, particularly roads, is probably the most commonly studied manifestation of government influence in land -change models globally, and deforestation analyses in particular (Nelson and Hellerstein 1997 , Kaimowitz and Angelsen 1998 , Geist and Lambin 2001 , Rudel 2005 . Such infrastructure commonly serves as a proxy for the ability of local people to access both land for conversion and / or extraction and technology and information. Three spatially explicit models addressed the role of transport infrastructure in shaping land -use. Vågen A further challenge is that in many parts of the country the existence of a road is not a reliable proxy for market demand, since sales of agricultural produce depend on the few people who are able to operate trucks to transport goods from rural areas. One study of deforestation (Casse et al. 2004 ) oddly ruled out transportation costs as a useful explanatory factor, suggesting that all farmers receive the same farmgate price, although prior work suggests large differentials in prices depending on a farm's location within the precarious road network (Bernier and Dorosh 1993 , Karaska et al. 1996 , Fafchamps and Minten 2002 . New econometric work on the impact of hypo- SOCIOECONOMIC STATUS For the most part, spatially explicit studies have treated people in the landscape as homogeneous in all respects other than their spatial distribution, failing to take account of their relative access to productive resources. One exception is Gorenflo et al. ( In press), who made use of data from The World Bank on consumption -based welfare at the firaisana level (Mistiaen et al. 2002) . With this data, they were able to show that deforestation rates tend to be lower in wealthier areas and in areas with greater internal disparity of income.
The relative availability of the resources necessary for farming is traditionally central to agricultural change studies.
A series of studies conducted by researchers affiliated with Cornell University in the 1990s on rice production in Madagascar focused on farms' endowments of land, labor, and capital. Bernier and Dorosh (1993) found that household characteristics, such as cattle ownership, and various measures of educational attainment showed strong relationships with fertilizer adoption.
This group also analyzed the likely effects of liberalization in rice marketing, finding that while higher prices would spur wealthier farmers to increase production, they penalized the majority of farmers who were producing below subsistence level and had to purchase rice (Barrett and Dorosh 1996) .
Subsequent work focused on the adoption of a suite of irrigated rice -growing techniques known as the System of Rice Intensification (SRI). Barrett et al. (2004) used regression models to confirm that better endowed farms, in terms of land and labor, as well as experience and the means to apply manure, derive the greatest benefit from the adoption of SRI. They found that while all farmers stand to benefit from adopting SRI, less well -endowed farmers choose not to because, for them, the variability of SRI production outweighs the potential benefits, creating a strong disincentive.
Later, Moser and Barrett (2006) detected statistically significant relationships between initial SRI adoption and landholdings, especially lowlands suitable for irrigated rice production, and several other measures of 'liquidity' (e.g. off-farm income, reliance on agricultural day labor). They found that the larger, diversified farms producing wheat and dairy products were less likely to suffer from seasonal bottlenecks, enabling them to invest in SRI. Adoption rates were significantly lower among households forced by land shortage to sell their labor to other farms.
LAND TENURE In farming communities, wealth is often closely linked to access to land, either to convert land for agricultural production or to utilize existing cropland. It is therefore no surprise that this issue has figured prominently in landchange studies in Madagascar, although the spatially explicit models have barely begun to address the issue. McConnell et al. (2004) found some evidence in their regression residuals to support the previous findings of Schoonmaker Freudenberger (1995) , who reported the clandestine clearing of fields inside the Maromizaha forest by residents unable to obtain land through the admixture of customary and state authorities.
Access to land resources in Madagascar is traditionally governed by local customary institutions reflecting the initial settlement of the landscape and the community's subsequent political history (Keck et al. 1994 , Schoonmaker Freudenberger 1995 , Laney 2002 , McConnell 2002 , Raik 2007 . The French colonial government introduced a system of formal land titling in the early 20 th century; however, Keck et al. (1994) found only 5 % of the farmers in their study held formal title to their land, and nationally it has been estimated that the rate is less than 10 % , leaving the remainder under customary control (Montagne and Bertrand 2006) .
The slow pace of the formalization of land rights was long thought by economists at The World Bank and elsewhere to pose a major obstacle to agricultural development in Africa. Case studies in Madagascar, however, have not always supported this thesis. For example, a World Bank study in the area adjacent to the Mantadia National Park (Keck et al. 1994) concluded that lack of access to markets, for both inputs and farm produce, were at least as important as formal land rights in hindering intensification. Likewise Randrianarisoa and Minten (2001) demonstrated that increasing formal land titling is unlikely to have a significant effect on improved agricultural performance in Madagascar, compared to other factors.
Some land -use studies have shown the importance of inter -household interactions regarding access to land.
For example, Laney (2002 Laney ( , 2004 highlighted the significance of the annual arrangements for borrowing and renting land among families in the Andapa region for differentiating household land -use intensification trajectories. Elsewhere, Kull (1998) highlighted the salience of renting and sharecropping arrangements that have shaped land -use change in the central highlands in past decades. Interestingly, Keck et al. (1994) found these arrangements absent in the eastern rainforest region they studied. Bellemare and Barrett (2003: 14) The state's claims to land have not gone uncontested by local populations, and Vågen (2006) attributes a period of rapid deforestation in the 1990s to the "turbulent political situa-tion" at that time, as the local population took advantage of lax enforcement (Vågen 2006: 223) . Other studies have elaborated similar themes, relating the burning of grasslands and forests in defiance of, or in protest against, state land -use restrictions (Jarosz 1993 , 1996 , Kull 2004 ). These actions have sometimes been explained in terms of the desire of rural people to ensure the persistence of cultural value systems.
For example, in the highlands, Bloch (1995) showed how highly the Zafimaniry value the creation of 'openness' in landscapes, while Kull (2008) explicates the seemingly counter -intuitive Betsileo notion of 'saving land' by improving it through cultivation. Similar institutional factors relating to production systems have been shown to significantly affect land -use in Madagascar.
For example, Bernier and Dorosh (1993: 46) found individual respondents' fertilizer use to be highly correlated with a variable describing the proportion of farmers in the region also using fertilizer. They offer two possible interpretations of this 'neighborhood effect': It may demonstrate intra -communal interaction in "the quality of water control in an irrigated perimeter shared by many farms"; alternatively, it may be related to a government fertilizer promotion program. Subsequent studies found similar factors to be important correlates of land -use:
Variables describing social conformity, 'learning effects'
(learning from other farmers), membership in farmer organizations, and extension services were all found to be significantly related to the adoption of SRI (Moser and Barrett 2006) . Other studies in Madagascar have amply demonstrated the importance of social capital in the form of non -monetized transfers of wealth among farm families (Bernier and Dorosh 1993, Karaska et al. 1996) and information exchange among agricultural food products traders (Fafchamps and Minten 2002) .
While the maintenance of local customs offers some explanation of land -use, their deterioration has also been cited. For example, Bloch (1984) showed how increasing pressure on land resources and worsening terms of trade led to the breakdown of cultural institutions such as reciprocal labor exchange, which had been crucial to the construction and maintenance of shared irrigation infrastructure. This erosion of local institutions has been linked to a more general social crisis with land-use implications, including banditism and cattle rustling (Kottak 1980 , Pavageau 1981 , Bloch 1984 . The threat of losing proceeds to theft is a strong disincentive for both livestock production and the production of agricultural surpluses (Vérin 1992 , Karaska et al. 1996 . Econometric work has begun to pave the way for the incorporation of rural insecurity in land -use models, quantifying the relationship between cattle rustling and other crimes and geographical isolation, as measured by distance from urban centers and low population density (Fafchamps and Moser 2003) . These circumstances may seem to pose an insurmountable level of complexity, but fortunately the literature in commonproperty resources (Ostrom et al. 2002) offers substantial guidance, including sets of 'facilitating conditions' (Wade 1994) and 'design principles' (Ostrom 1990) for effective governance of common resources (Agrawal 2002) . Several studies of land -use in Madagascar have applied these frameworks in the compara- for which the forest is managed, the characteristics of the user groups, and the rules that govern those uses. In these studies, forests managed for multiple products through collaboration among user groups to establish and enforce rules were found to be achieving greater success.
BIOPHYSICAL FACTORS
While it might be expected that biophysical factors would play prominent roles in studies of land -use change, this has not generally been the case globally (Geist and Lambin 2002 , Keys and McConnell 2005 . Land -use studies in Madagascar have mainly focused on topography, following Green and Sussman (1990) . According to their Science article, their slope map was derived from 1:1,500,000 -scale topographic maps published by FTM in 1980, although no other reference to this map series has been located. The subsequent spatially explicit models employed higher precision data sources, such as NASA's Shuttle Radar Topography Mission (SRTM) at 90 -m pixel resolution (Vågen 2006) Madagascar. However, in the highlands, Barrett et al. (2004) were unable to detect a relationship between a plot's location in the topo -sequence and the benefits of SRI adoption.
Some studies have addressed the related issue of soil fertility. For example, Barrett et al. (2004) detected a significant effect of a binary soil quality variable on the benefits of SRI adoption. Other studies have provided detailed descriptions of farmers' responses to declining soil fertility resulting from swidden farming (Kramer et al. 1995 , Brand and Pfund 1998 , Messerli 2000 , Nambena 2003 , Carrière et al. 2005 , Vågen 2006 , Vågen et al. 2006a , 2006b , Styger et al. 2007 . Such studies provide strong foundations for the incorporation of these processes in future models.
Weather conditions, and other biophysical factors, occasionally appear as explanatory factors in quantitative studies, but meteorological data are spatially and temporally sparse in Madagascar. To date, these factors have been treated through regional dummy variables (Barrett et al. 2004, Gorenflo et al. In press) , or as qualitative, contextual factors (Kull 1998 , Elmqvist et al. 2007 . Improved treatment of such processes will be crucial to the development of improved models of human agency.
CONCLUSIONS AND RECOMMENDATIONS
The first decade of the new millennium has produced a suite of spatially explicit models of human agency in land change in Madagascar that have tested the findings of the landmark work of Green and Sussman (1990) . tended to appear in the econometric models as an explanatory variable impacting the land -use activity of interest -irrigated rice production. However, such an approach assumes that these practices are analytically separable when, in fact, the two are outcomes of the same decision -making process.
An important land -use dynamic that deserves further attention in spatially explicit models is the reforestation of the island's central highlands.
Although several studies have documented increases in tree cover in various parts of the island (Rakoto Ramiarantsoa 1995, Kull 1998 , Elmqvist et al. 2007 ), this outcome has rarely appeared as the dependent variable in spatially explicit models (cf. Vågen 2006) . Interestingly, had the landmark Green and Sussman (1990) study not restricted its dependent variable to exclude all but humid forest, it might well have detected an increase in tree cover around the capital, thereby upsetting the neat relationship between population density and deforestation.
In addition, the studies reviewed here were conducted at quite different spatial scales (see Table 1 ), and we must be cognizant of the fact that relationships between land-change outcomes and various social and biophysical factors usually change with the scale of the analysis (Walsh et al. 1999 , Evans and Kelley 2004 (Burney 1987a , 1987b , Gasse and Van Campo 1998 , Burney et al. 2004 ). that is, the processes responsible for land change vary through time, such that variables assume different explanatory power in different time periods (Aspinall 2004 To the degree that land -use models are aimed at contributing to improved policies, though, it is essential that they take into account the cultural, social, and political factors most amenable to policy, particularly those governing access to land, including both formal and informal arrangements for loan, rental, sharecropping, etc. The variety of institutions operating at different scales and through time poses a serious challenge, but it is not insurmountable. Future studies should avail themselves of tools that facilitate the systematic analysis of issues such as land tenure and the management of common -property resources, such as the IFRI protocols.
Relatively recent developments in agent-based, or multi -agent system, models that accommodate the behavior of individuals and groups (e.g. families, villages, state agencies) (e.g. The necessary information on the nominal state of infrastructure is held in FTM's archives, but considerable investment will be required to put that information into digital formats required for spatially explicit modeling.
Better data on land -use and land cover at different points in time is absolutely indispensable. Efforts to catalogue and make available all existing satellite imagery should be bolstered, and the development of well -documented land -use and land cover data from the country's significant aerial photography archive should be a high priority. Soil fertility and climatic factors could also offer improved explanation, perhaps building on the 1:200,000 Carte des ressources en eaux series developed by the Centre National de Recherche sur l'Environnement. However, the costs of developing appropriate soils data will not be negligible, as soil conditions tend to be quite heterogeneous, requiring intensive (and therefore costly) ground collection to appropriately capture meaningful variation.
While the past decade has seen significant progress in modeling land -use in Madagascar, the contributions to improved policy have been modest. Demonstrating the effectiveness of conservation policy (i.e. protected areas)
is crucial to securing and effectively using scarce financial resources. Parsing the effects of different forms of protection (e.g. National Park or Special Reserve) will provide even better guidance. A crucial area for improvement is in assessing the human welfare impacts of conservation policy.
Many of the econometric models discussed above set out specifically to examine these issues, and the integration of spatially explicit and econometric approaches is desirable.
Caution must be exercised, however, to ensure that the models do not become so complex that their methods are inaccessible to policy makers and stakeholders. this attests to the importance of a journal dedicated to this topic. While every effort has been made to fairly represent the work of the colleagues whose studies are the subject of this review, it is inevitable that some aspects of those studies have been omitted or misinterpreted. These authors are enjoined to engage the author and one another in hopes of advancing the praxis, and delivering on the promise of modeling human agency in land -use in Madagascar.
